INTRODUCTION
Traumatic brain injury (TBI), a devastating cause of death and disability [1, 2] , commonly includes injury to the cerebral blood vessels [3] . Contusion has been called the hallmark of head injury [4] , and includes damage to both blood vessels and surrounding parenchyma in the cortex. Vessels within the subarachnoid space, those penetrating the cortex, and capillaries within the cortical capillary plexus are all subject to injury and dysfunction. Contusion is primarily caused by traumatic interactions between the inner skull and brain surfaces, particularly in the inferior frontal and temporal lobe regions. However, little is known about the associated mechanisms of vessel damage. Definition of these mechanisms, and their thresholds, will inform prevention efforts. Improved understanding of the nature of vessel loading and injury may also lead to improved treatment.
Controlled cortical impact (CCI) is commonly used to produce contusion in experimental animals. As expected, finite element models of CCI in the rodent demonstrate high stresses and strains in the region of contact. These predictions roughly correlate with injuries observed in experiments [5] . However, acute CCI results from our lab show a non-uniform distribution of displaced blood not locally consistent with model predictions. We hypothesized that this non-uniformity was associated with damage to larger blood vessels penetrating the cortex. To test this hypothesis, we co-stained brain slices for vessel wall and displaced blood proteins. We also sought to characterize the mechanics of vessels in the region using a microscale finite element model explicitly simulating a branched penetrating blood vessel filled with blood.
METHODS
Controlled cortical impact produces contusion using a mechanical piston to impact the exposed dura at a controlled velocity and penetration depth. In the experiments reported here, C57BL/6J mice were anesthetized using an isoflurane vaporizer and immobilized stereotaxically. A 3.75 mm craniotomy was performed to expose the dura over the left cerebral hemisphere. The intact dura was then struck by an electrically driven piston with a 3.25 mm hemispherical tip at a velocity of 4.6 m/s and a penetration depth of 1.0 mm. Within 10 minutes of injury, animals were sacrificed, perfused with PBS and paraformaldehyde, and brains extracted. Coronal (50 µm) sections from the impact point and surrounding tissue were cut and examined using immunohistological techniques to determine the extent of injury. Extravasation of IgG, an abundant plasma protein, was used to determine extent of blood-brain barrier breakdown. AF-594 conjugated GtxMs IgG1 was used to visualize regions of vascular failure using epifluorescence microscopy. Blood vessel geometry was visualized with RbxMs anti-Laminin and AF-488 secondary.
An idealized, microscale finite element (FE) model was constructed to study the loading conditions on a penetrating artery embedded in the cortex. This model featured simplified geometries representing viscoelastic brain tissue, elastic blood vessel tissue, blood, and a rigid steel impactor; which are present in our lab's CCI experiments. The geometry for a block of brain tissue with an embedded blood vessel was created in SolidWorks and then imported into HyperMesh (Altair Engineering) where input parameters and boundary conditions that closely resembled the conditions used in our lab's experimental procedure were defined. The outer diameter of the blood vessel was twice that of the inner diameter and one-sixth the total length of one side of a cube of brain tissue. A horizontal branch vessel was located halfway down the vertical penetrating vessel. A branched artery geometry was used since work in our lab and elsewhere [6] suggests that branches may be particularly susceptible to rupture. Material properties were taken from the literature [7] . Nodes on the bottom face of the cube of brain tissue were fixed and a semicircular steel impactor compressed the center of the block of tissue by one-sixth of its total height. No other constraints were imposed. Automatic surface-to-surface contact algorithms were used to model the interacting impactor, brain tissue, and blood vessel during deformation. Fluid-structure interactions between the blood and the vessel wall were modeled to improve the quality of the simulation and were implemented using the Arbitrary Lagrangian Eulerian (ALE) method available in the FE solver LS-Dyna (LSTC). The FE model was composed of 218,577 first order solid elements (218,361 of the elements were comprised of 6 quadrilateral faces and the remaining 216 elements featured 3 quadrilateral and 2 triangular faces). Computational time was approximately 57 hours.
RESULTS AND DISCUSSION
Blood displaced as a result of CCI was identified as IgG not colocated with a vessel, as indicated by laminin staining. Displaced IgG was found in a shallow depth of tissue surrounding the impact point (Fig 1) . Particularly bright areas, indicating high concentration of blood, were located surrounding the large penetrating blood vessels connected to the surface of the brain. Focal concentrations of IgG within the tissue were also seen, often in conjunction with a vessel branch point. Displaced blood was generally not present surrounding capillaries under the impact site, but IgG was seen localized within small vessels. This indicates poor perfusion and is possibly due to damage in upstream vessels. The discrete localization of hemorrhage illustrates the important role blood vessel geometry plays in injury mechanics. Data from the FE model suggest that pressure waves created during CCI may play a significant role in damaging the vessels penetrating the cortex. Pressure propagation through the blood was observed in an initial two-dimensional idealized simulation (Fig. 2) . The highest pressure values in the blood were observed near regions of the blood vessel that were closest to the impact site on the brain surface. Vessel branches closer to the site of impact are consequently subject to higher pressure values. These vessel bifurcations are likely sites of vessel failure.
Damage to penetrating blood vessels may also occur at branch points due to tissue deformations that occur during CCI. Figure 3 shows Greene 1 st principal strain distributions that develop within the vessel walls at different time points. Pinching of the vessel wall at the branching site is apparent. This pinching may result in vessel failure at the branch point, or increase the risk of failure in vessels located further away from the main penetrating vessel due to tension applied along the branch.
These findings demonstrate that penetrating vessels are a more significant source of displaced blood than capillaries during CCI. While the associated FE model is idealized and is at a relatively early stage of development, initial predictions suggest that both tissue deformations and an increase in blood pressure due to fluid entrapment play potentially significant roles in hemorrhage. Microscale models are key to a more complete definition of vessel injury in TBI. 
